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This paper describes experimental observations of downward, opposed-How Hame spreading made under
partial-gravity conditions aboard NASA rescarch aireraft. Special apparatus and techniques for these tests
are deseribed, including sehlicren imaging of dim near-limit flames. Flame-spreading and Hammability
1 X 10
are described for effective aceeleration levels ranging from 0.05

limit hehaviors of a thin cellulosic el Vyfem?® tested at 1 atm of pressure in oxvgen/nitrogen
wistures of 13-21% oxvgen by volume,
to 0.6 tires normal carth gravity 11 @) Bownward-Inming flanunability increases in partial gravity, with
the limiting oxveen fraction falling from 15.6% oxygen in 1 to 13-14% oxvgen in 0.05-0.1 ¢, Flane-
spread vates are shown to peak in partial gravity, increasing by 7()’/( over the T-g valne inair | 71“{ oxvgenl,
Partia-gravity fame-spreading results, corrected for fuel density and thickness, are consistent with results
obtained at aceeleration levels above 1g in a centrifuge. The results compare qualitatively with predictions
of flame spreading in biovant flow by maodels that include finite-rate chemical kineties and surface and
cas-phase radiative loss mechanisms. A correlation of experimental buoyant downward flame-spread results

is introdnced that uuwmnts‘ for radiative heat losses using a dimensionless spread rate, Ve,

a radia-

tion/condnction wumber, Sy, and the Damkohler mmnber. Da. as parameters. The correlation inclndes

data from 0.05 g to 4.25 ¢ <ll](] oxygen/nitrogen mixtures from 14% to 50% oxygen.

Introduction

Flame spreading over solid fuels is a phenomena
of fundamental interest and ol practical value in the
study and control of fire. In flame-spread studies, dis-
tinctions between flames in flows opposed to and
concurrent with the flame-spread direction, between
thermally thin and thick fuels. and between flows im-
posed esternally {lorced) or by gravity (noyancy)
have been identified. Several reviews articulate the
subject [1.2].

Access to microgravity environments motivated
theoretical and experimental explorations of low-
speed How regimes in which buoyaney forees could be
recduced or eliminated. Numerical modeling quanti-
fied surface and gas-phase radiation mechanisins [3-
6] and predicted the influence of radiative loss in
spread-rate lftlll(tl()ns and quenching. Numerical
evaluations of velocity-profile effects [7] and predic-
tions that near-wall \'('I()cit_\‘ grzuli(‘nts would correlate
spreading hehavior [S]led ns to suggest separate ex-
perimental observations of Hames spreading in low-
speced purely forced and purely buovant flows.

Purely forced. opposed- flow., (ll)(l([lll('s(( nt studics

in microgravity. using drop-tower [9.10] and space
shuttle facilities [11], demonstrated the predicted
spread rate and quenching effects. Tn purely buoyant
flow. however, downward-burmning experiments were
limited to normal earth gravity (1 g) and elevated gras-
ity using a centrifuge [ 12]. While noting a fow-grasity,
quiescent study perturbed by unsteady accelerations
[13]. this paper reports the first svstematic observa-
tions of flames spreading in purely huoyant, low-speed
flows induced by accelerations below 1 ¢,

We conducted a series of aireraft-based tests to
observe both downward and npward flaime-spreading
and llammability hebavior of thin solid fuels in sus-
tained partial-gravity aceelerations hetween 0.05 and
1 g. To obtain these data, special apparatus and tech-
niques were developed. This paper concerns the
downward-spreading case onlv and provides an op-
portunity to evaluate maodels “of flame spreading in
purely bnoyant How.

Experiments

An apparatus was devised to observe flame spread
over solid fuels in partial-gravity accelerations aboard
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NASA aircraft facilities. The apparatus provides
semiautonoinous operation, capable of several tests
per flight. either attached to the airframe or floated
freely in the aircraft cabin. The apparatus includes a
26-liter evlindrical chamber, 25.4 ¢ in diameter and
50.8 ¢ in length: simultaneons schlieren and con-
ventional Imaging: provisions for iltll\()Sp]l(‘l'{' re-
placement: thermocouple. ignition, and lighting cir-
cuitry; and a flanged end plate with a quick-release
binding for rapid specimen replacement.

Test specimens, S-cm long and 7-cin wide, were
made of thin cellulosic tissues (tradename Kim-
wipesh, which were used previously in drop-tower
tests [9,10,14]. This material has a half-thickness area
density (i.e.. mass densitv X thickness) of 1.0
m;_,/(m- and was used hecause of its high flame-
spread rate compared to other tuels and becanse it
tends to remain flat while burning. The samples were
taped across a 254 X 3 em gap in 0.05-cm-thick
stainless-steel sample holders that 6l a diminetrical
planc of the cvlindrical chamber. thereby exposing
fuel, 8 em in the (axial) burning direction by 5-cm
wide, to the atmosphere on hoth sides.

Control of the fuel moisture content was con-
strained. Prior to takeolt, premounted samples were
stored in vacium for approximately 1 hour. At alti-
tude. where atmospheric moisture content is low, the
saniples were exposed to the aireraft cabin, A vacuum
exposure in the test chamber belore filling and ig-
nition lasted approximately T min, Samples were ig-
nited by resistance-he atmﬂ a thm wire for 0.10 s, re-
leasing 36 j to ignite a strip of nitrocellulose (10.5
my. +/—1%). releasing an additional 26 [l)I ina
flame ball, bathing the ignition region. This tech-
nigue provided a consistent deposition of ignition en-
ergy compared to the hot wire used alone.

The test atmosphere was replaced for cach test.
After replacing the spent test specimen. the chamber
was evacuated to a pressure of less than (0.008 atm
and then filled with a commercial oxvgen/nitrogen
mixtare certified to +/—0.03% ahsolnte oxvgen con-
tent. The residual air after evacnation introduced
<0.06% crror absolute oxygen content. All experi-
ments were conducted at an initial pressure of 1 atm,
measured with a transdueer ((lhbr(m d daily.

Flames were visualized with a color schlieren svs-
tem [16]. The schlieren svstemn was sensitive to the
component of the refractive-index gradient normal
to the fuel surface. in a evlindrical detection vohime
79 em in diameter. Ray deflections, attributed to
flame-induced density variations. were discriminated
at the image plane of the schlicren mirror using a
color transparency varving linearhin hue with lateral
displacement and then imnuged w ith a video camera.
Conventional images of thv top view of the flames
were recorded using a [6-mm motion picture camera
operating at 24 frames/s.

The tests were conducted aboard the NASA KC-
135 at the NASA johnsnn Space Center H}ing Kep-
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Fic. 1. Flammability map in O, mole fraction vs accel-
eration for thin cellulosic fuels, with downward burning in

purely buovant flows in -t pressare. Solid syinbols rep-
resent Hammable conditions: hollow s\mlmls represent
nonflammable conditions. Data near 4 ¢ are from Ref. 12,
The solid Tine estimates experimental Bummability bonnd-
arvs the dotted line is the boundary predicted in Ref. 6.
The microgravity limit. not shown, is veported as 21% 0,
[9].

lerian trajectories iparabolas) to simulate gravita-
tional accelerations hetween 0.053 and 0.6 ¢, including
lunar (0.16 ¢ and martian (0.35 @) levels [17]. The
first purabolas ever attenmpted at 0.05 and 0.6 g were
performed for these tests. Local three-axis accelera-
tions were measured with a duplicate of the NASA
Space Accelerometer Measurement System [ 18],

Results

Aceeleration Encironment:

Wind. atmospheric tarbulence, and pilot and air-
craft perlormance introdnced continuous variation
into the measured aceeleration levels, Parabolas at
the lowest set points (0.05-0.10 g} were perturbed
typically by high-frequency (>1 Hz) variations, often
called g- ptt(r ol about 0.02 g. Iligher set points
{0.16-0.6 g} were additionally pvmlrbc '« by lower-
[requency varfations (~0.2-1. 0 Hz) of about 0.04 &
The average duration of the parabolas increased \\1t|1
partial-gravity level, from about 8 s for the shortest
0.05-g parabola to about 50 s for most 0.6-g parab-
olas. The parabolas begin and end with a pnll-up ma-
neaver at just under 2.0 ¢ aceeleration, to which
some flames were exposed.

Flammability:

Figitre 1 summarizes the test matrix and shows a
flammability bonmdary hased on aceeleration Jevel
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and atmospheric oxvgen content. In 1 g the same
apparatus and fuel (5-cm wide) were use (i to deter-
mine the limit using partial-pressure mixtures of the
certified 153% and 16% mixtures. In 1 g, the speci-
mens never burned more than 2-3 ¢m below the
ignitor in 15.5% Oa: they usually burned 4=5 ¢, but
never the full 8§ ¢m, in 15.6% O,; and they nsually,
but not always, burned the full 8 ¢cmin 15.7% O,
Completely burning 0.08 gm of cellnlose reduces (by
caleutation) the oxvgen in the chamber from 15.6 to
15.53%. constraining the limit determination to a
precision of about 0.1%. Based on the behavior de-
scribed, a 1-¢ limit of 15.6% O, is shown in Fig. 1.

Obtaining the precision of the 1-g limit criteria was
not practical in the aireraft becanse test opportunities
were limited. Tn 145 O, at 0.18 g and 0.38 ¢ flames
propagated 1.4 and 04 o, respectively, and
quenched before the onset of high accelerations,
while in 153% O, {same accelerations), the samples
burned completely. In 14% Oy at 0.05 g and 0.1 g,
flames progressed 3.1 and 2.4 cm, respectively,
spreading in partial gravity for 8-9 s and then extin-
auishing during high uccelerations. These are inter-
preted as flammable conditions. Samples ignited in
13% Oy quickly quenched.

The reported 1-g downward-burning limit of 16.0-
16.5% O for 3-cm-wide samples of this fuel [9] was
liigher than results obtained with 3-cm-wide samiples
in the aireraft apparatus. where using the above prop-
agation criteria provided a limit of 15.8% 0,. The
earlier tests were ignited with a heated wire and may
have been iniiu(*n(( d by a nearby mirror present to
obtain an orthogonal view. The Digher flammability
limit might be littrlhutv(i to difterences in the useful
ignition energy or heat losses to the mirror. This
comparison suggests that the quiescent microgravity
limit of 21% O, {the logical extreme of the buoyant-
How casel, obtained in drop-tower tests [9]. is rea-
sonable to within 1% O,. However, because drop-
tower accelerations have not been measured, that
limiit conld not be included in Fig. 1. Limiting ac-
celerations between 4.0 and 4.25 ¢ in 21% O, for a
similar fuel were reported in centrifuge tests [12] and
are shown in Fig. 1.

Reducing accelerations from 4 to 0.05 ¢ monoton-
ically enhances downward-burning flannuability. The
microgravity limit of 21% Oq implies, however, that
the flunmability boundary curves upward at smaller
accelerations and that a nnmmail\ flimmable oxygen
environment exists for this fuel. for downward burn-
ing, at or below 0.05 g. The analogous flammability
boundary, predicted by a numerical model [6]. is in-
cluded in Fig. 1 for comparison and later discussion.

Flame Imaging:

Recorded schlieren flame images were fundamen-
tally different from earlier gravity-related flame-
spreading results. Visible-light emissions from near-
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F1c. 2. Rainbow schlicren images of downward-burning
thin iu(i in 13% O, on the left at 0.10 /e, on the right
near the blowofT Timit at 0.6 gy

rarth®

limit flames in microgravity tests are dim and difficult
to capture by direet imaging, either by video or by
motion l)l(l'llr(’ film [9-11.13.14). Measures to cn-
lance filin images, including forced film processing,
low framing rates, and small fmumbers, reduce
flame-tracking precision. Short focal-length lenses,
t)pi(-:ii of compact microgravity experiment (l(‘signs.
introduce spatial distortions from magnification var-
iations across wide flames.,

Schlieren imaging provided increased dim-flame
detection sensitivity and constant image magnifica-
tion across the flame width. At ignition, an expanding
ball of heated gases was visible to the schlieren sys-
tem, reaching 2-3 em below (upstrean of) the ignitor
{for <1 s} before buoyaney displaced it upward. Con-
ventional visible photography showed a smaller flame
surrmm(iing the ignitor. Extinguishing flames were
Li(‘(ll‘i\ defined in the schlieren images, shrinking to
=2-3 mm in length hefore disappearing. Figure 2
shows schlieren images of a flame spreading first at
0.1 g in 153% Oa. a nonflammable condition in 1 g,
and then. as the flame nears blowoff extinction, at
higher accelerations at the end of the test.

Flame Spread:

Flame propagation rates were obtained from the
schlieren results. Figure 3 shows the flame displace-
ment with time. synchronized with the component
parallel to the flame spreading direction of the in-
stantaneous local acceleration. for a test in 15% O,
where the slope of the displacement plot indicates
flame-spread rate. At the end of the parabola, the
increase in local aceeleration accompanied a slowed,
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Fic. 3. Ssnchronized-spreading flame position and local
acceleration vs time for downward-burning thin fuel in
15% O,

then extingnished, flame. Fignre 2 shows schlieren
images from that test before and during the higher
accelerations, ilustrating how the flame narrowed as
it approached extinction. The Hame was extingnished
as the local accelerations crossed the flammability
boundary of Fig. 1, at about 0.6 g.

Spread rates were influenced by g-jitter to the ex-
tent that reporting spread rates averaged over the
test time showed unacceptable scatter. The partial-
gravity results, shown in Fig. 4. were obtained, in-

stead, by measuring flame displacements during briefl

time periods, =3 s, of smaller g-jitter. This procednre
was considered acceptable since flames responded to
perturbations in much less than 1s (e, at time 10
s in Fig. 3). Figure 4 also includes T-g results, ob-
tained in the aireraft, drop-tower [9]. and centrifuge
[12] test chambers, and centrifuge data in 21% O,
up to 4.25 g All spread rates are corrected for fuel
area density. p. where pua = pa T the mass
density times the biel half-thickness. This correction
follows from the assertion in the earh heat transfer
model [19] that p,,,..-V; = constant for thin fuels
and has been used successfully [9,10,12].

Partial-gravity spread rates in 21% O, fall naturally
along the trend of the centrifuge data, peak at an
acceleration level near 0.6 ¢, then decline with fur-
ther decreases in acceleration. Spread rates at 1 g
from the three different test chambers agree to
within 5%. Prediction of spread-rate behavior for a
thin fuel in 21% O, from a numerical model [6], cor-
rected for p,.,. is included for comparison and later
discussion. Spread rates in 18% Oy show . similar
nowmonotonic spread-rate variation with accelera-
tion. Spread rates in 14-16% Os show only the down-
ward slope.
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Fre. 4 Flune-spread rates of thin cellulosie fuels in
QN mixtires al T-atin pressure v local acceleration.
Data above 1 gl are Irom Ref. 120 The daotted line rep-
resents predicted spread rates from Ret. 6. Vertical Tines
represent fanmabhilite limits: blowolt limits at higher ae-
celerations 1 14% from this work, 21% from Ref. 121 and
radiative quenching limit at lower acceleration itheoretical

prediction [6]1

Discussion

Comparison with Theory:

Two numerical models prediet downward flame-
spreading behavior at partial-gravity accelerations
[6.8]. Both calculations utilize a one-step, finite-rate,
gas-phase chemical reaction model and estimate ra-
diative losses from hoth the fuel surface and the gas
phase. Reference § presents calenlated spread rates
and extinction limits in 509 0,-30% No, at 1.5 atin,
from 10 6o to 10 g and in 21% O,-79% N, at 1-4
¢ Reference 6 presents spr('ald rates and extinction
limits in 21% O,-79% N, at | atm Irom 0.012 to4.3
g, and a flammability boundary over the same range
of accelerations. The data of Ref. 6 are included as
the dotted lines in Figs. T and 4.

The predictions of spread rate show qualitativelv
the peak spread-rate feature observed experinmen-
tally in 21% and 18% Oy at intermediate gravity lev-
els. From the peak. falling spread rates at higher
gravity are attributed to decreased reactant residence
time in the Hame zone (compared to the chemical
reaction time! and rednced forward heat transfer
from Hames receding with respeet to the pyrolysis
front. Falling spread rates at lower gravity are attrib-
uted to lower flane temperatares, resulting from an
increasing ratio of radiative loss to chiemical heat re-
lease, and reduced forward heat transfer from cooler
lames
farther from the fuel surface. The spread-rate pre-
dictions of Refl 6 for 21% O, are higher (Fig, 47 than
experimentally observed i partial gravity, though
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they agree well with experiments at normal gravity
and above. The predictions in Rel. 8 also re pm(]uw
the observed experimental results at and above 1 ¢
in 21% O,. as shown and also i 50% O, at 1.5 atm.

Both models predict a high-gravity extinction limit
(viz. . a blowolf limit) and a low-gravity extinction
limit (riz. , a radiative quenching limit), These flam-
mability limits are attributed to the dominance of the
Hame-retarding mechanisms described above, The
l[umnm})ilit\' boundary predicted in Rel. 6 (Fig. 1) is

U-shaped, showing a minimally Hammable oxygen
concentration between 0.2 ¢ and 0.3 g. The flam-
mability: boundary suggeste (] by the experimental
data does not show such @ minimum, but the re-
ported guicscent microgravity limit for this fuel, 21%
0, [9], snggests that it exists <0.05 g. The predicted
flanumability boundary agrees well with ¢ xperiniental
observations above normal gravity but diverges from
the observed boundary at normal gravity (13.2 vs
13.6% O) and below (21% 0, limit at (0.012 gvs
~microgravity [9 ]}

The sourees of diserepancy hetween prediction [6]
and observed partial-gravity flammability and spread-
rate behavior are not clear but may involve the choice
of kinetic and radiation parameters. The spread-rate
peak and the (presumed) mininm-oxygen limit
arise from competition, under finite kinetics, be-
tween the heat-release rate rednction (due to short-
ened residence time) and the radiative heat-loss rate.
An underestimation ol the radiative loss rate com-
pared to the chemical reaction rate might explain the
differences at 1 ¢ and the partial-gravity levels bat
would not reconcile the limiting accelerations in 21%
oxveen,

Flame Spread-Rate Corvelation:

Correlations of measured Hame-spread rates have
been achieved for purely brovant flows [12] and for
forced-convection flows in normal gravity [20] using
tormulations of dimensionless spread rate, Vi £.vs Da-
mkohler number, Da. Forinulations of De, nominally
a ratio of reactant residence time in the flame to
chemical reaction tinie, have included simple pre-
exponential chemical models (without Arrhenius fac-
tors) [21.6], models with strong flame temperature
dependence [12]. and additional provisions for fuel-
vapor diffusion from the surfuce [20]. Velocity char-
acterizations for residence-time estimates huvo in—
chided a buovant velocity, Vi, =~ (ag(Ty — T W/T.)
[121.12.8]. where Trand T, are flame and .aml)nent
temperatures, and a is the thermal diffusivity, or the
free stream velocity, U, alone [20] or 111(]11(111)0 con-
sideration of the l)mm(l.u} laver structure [_H]. The
term V2, corrected for p,.,. is a ratio of actual spread
rate to the spread rate possible without heat loss in
the infinite chemical-rate Kmit [19]. Where the
flame-retarding mechanism is associated with limited
residence time., Da correlations of flame-spread rates
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are successful, This approach neither succeeds with
data from microgravity-forced Hows nor with partial-
aravity data. becanse it does not account for radiative
losses (rom these (lames.

We revisited the formmlation of the data correla-
tion for purely buovant flame-spread data [12], to
inchiude the partial- “'l(l\]t\ data. We evalnated Da
similarly:

by = Bmos |RT T
GMoxVi | E (M)
ic,

(- 75,
OXDY T T
R

where the pre-exponential constant B = 5.64- 107
w¥/mole-s; the activation energy £ = 167.35 Kj/Kg-
K: the heat of combustion Al = 16740 Ki/Kg;
Mo and Mgy are the ambient Os mass fraction and
molecular weight. respectively: the stoichiometric
oxvgen/fuel mass ratio i = 1. 155; and 4 and ¢, are
the gas thermal conductivity and specific heat, eval-
wated for the initial Oy/Ny mixtures at the fuel va-
porization temperature T, = 618 K. We evaluated
Ty differently, however using the STANJAN equilib-
rium code for a stoichiometric, adiabatic flame tem-
perature, allowing for dissociation. and we evaluated
Vi, using Ty The pre-exponential constant, which
does not affect the shape of the resulting data pres-
entation, was adjusted from the literature valne [12]
to bring Da = 1 at blowofT extinetion. The grouping
(A, mgx /ie,) in the cubic factor is a reference tem-
perature [1:2[/ that varies only with the explicit O,
content.
The dimensionless spread rate, defined [12] as

where Vi, is the spread rate in the no-loss, infinite-
kinceties limit, and the solid-fuel specific heat ¢, =
126 Kj/Kg-K. A radiation parameter, Sy, derived
through a dimensional analvsis of the energy eqgua-
tion [3.4,6] as a ratio of radiation to conduction over
one thermal length. Sy = (6TWAT AWV, =
oTi¥/pe,V,. where g s the Stefan-Boltzmann con-
stant and V, is the reference velocity for the flow (in
the buovant case, V, = V). We have used Sy as a
correction to V7 | suggesting that it estimates the ad-
ditional spread-rate deficit, due to radiative heat loss,
from the no-loss maximum spread rate. Figure 5
shows a plot of V£« Sy vs Da for flames spreading in
purely buoyant l{()\\ in partial gravity (data of Fig.
4), and in the centrifuge (21% O, and 30% O 1 atm
from 1 ¢ to 4 ¢ [12]).
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We considered that calenlating Ty independently,
while using ¢, and 4H, evaluated asin Ref. 12, mlﬂht
suggest an inconsisteney in evaluating Vi - Sy and l)(l
The Ty values estimated using JII,‘~ e, evaluated at

. for the O/Ns mixture, without dissociation |12},
are much higher than ours. which we believe to be
more realistic. A correct ¢, value is implicit, however,
in the equilibrium calenlation, allowing dissociation.
of Ty. Remaining uncertainty in (ullullatmg Trlies in
the chosen \d]l](’ of AH .. which both Ii)r1|111|uti()ns
use. The voles of ¢, and 4 in V- Sgand Da are pri-
marily associated with lom‘m{ heat conduction, so
the evaluation for the ambient Oy/N, mixture at an
intermediate temperature, T,. is appropriate. The
constants AI. i and ¢, in the reference temperature
do not affect the shape of the data presentation.

This presentation smooths the scatter in sl)rm(l
rates seen in Fig. 4. The scatter has no trend attrib-
utable to O content. The data in 21% O span the
acceleration range of 0.05-4.25 ¢ and also the length
of the correlation curve, while the data in 30% O,
span only 1— ¢ and lie within the 21% O, data. Near
blowoft e\tln(tl()n Ve - S vs Da values for 15% Oy
at 0.6 ¢, 15.6% Oy at 1 g, and 21% Oy at 425 ¢ lic
together at the left-hand end of the curve.

The question arises whether the low-gravity ex-
tinction boundary predicted [6] would. Tike the blow-
off extinction, have similar Da for varving g and
oxygen contents. Since the predicted  low-gravity
quenching was not observed in the attainable accel-
eration range. we cannol determine any (lll(‘ll(‘llillg
values tor Da or the nature of the V- Sy curve at the
quenching point. Using an adiabatic T), Da increases
with oxygen content (i.e.. the ch(-mi(-a{ rate increases
faster than V) and with decreasing aceeleration,

MICROGRAVITY

Since the flamniability boundary prediction [6] sug-
gests that quenching decreasing accelerations
would be observed first in lower Oy environments,
we suggest that a correlation of quenching limits can-
not be achieved until the Ty estimate wsed in Da is
altered to represent the cooling effect of radiative
loss.

As numerical predictions suggest [8], we at-
tempted to include forced-flow flame-spread data
[9.10.20] into this correlation, nsing the free-stream
velocity V, = U,. Generally, the microgravity (low
opposed-flow spee «ds) data [9,10] fell to the right of
the curve in Fig. 5. while the normal-gravity (high
opposed-flow speeds) data [20] fell to the left. Esti-
mates of the Blasius boundary-layer thickness ahead
of the flames in those experiments suggest that they
propagated inside a boundary layer {except the gui-
escent microgravity case. which has none). Mixed
forced- and buovant-low flames have been char-
acterized nsing { ", plus an estimate of the boundary-
layer structure |22]. which depended upon the near-
wall veloe ity g n(lu st It remains unclear whether the
fames of Rels. 9, 10, and 20, particularly the micro-
gravity flames, were deep enongh in their boundary
layers to be affected only by the near-wall gradient
or by more of the wlout\ pmﬁlv since the flame
standoff distances were not quantificd.

We sought to obtain estimates of acceleration lev-
els where quenching of partial-gravity flames would
oceur. Mindful of the uncertain comparison of forced
and buoyant cases we have described, we used the
Hammability limits observed in forced flows at mi-
crogravity to estimate partial-gravity  flammability
limits. Figure 6 shows an approximate Hammability
map [or opposed-flow flames, including the data of
Fig. 1 plus near-limit inicrogravity data [9,10]. where
cach is characterized by V. = Vi or U, Adjustiments
to U, values for bonndan- ]A\crlnﬂuenws even sith-
stantial Tractional reductions, would not change the
position of the  Hanmuability curve appreciably.
Within the lhnitations we have discussed, the forced-
flow data suggest that quenching of partiad-gravity
flamnes should be observable at acceleration levels of
~10 3-10 2 g in 14% oxvgen, =10 3-10 * g for

15% oxvgen. and =10 6 l() 5 ¢ for 21% oxvgen,

Conclusions

Using parabolic trajectories in aircraft. we have
conducted the first experiments in buoyant diffusion
flame spread over a thin solid in a partial-gravity
range of 0.05-0.6 times normal earth gravity. Suc-
cessful operation in this unusual environment re-
quired the development of special apparatus and
techniques. including a schlieren system for imaging
dim near-limit fames. a fast acting and repeatable
ignition systenn, precise acceleration measurements,
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F16. 6. Estimated flammability map in O, mole fraction
vs opposed-How velocity for thin cellulosic fuel. Flow ve-
locities included purely buoyant, V. for g/g_ ., levels
shown (circular symhols, >1 ¢ from Ref. 12), and free-
stream velocity, U, for microgravity forced-How tests
{sqpuare symbols [9,10]). Solid symbols represent flamma-
ble conditions; hollow symbols represent nonflammable
conditions.

and extending the range of accelerations provided by
the aircraft Hlight crew.

Using gravity as a variable parameter provided a
new means to study the effect of convection on flame
spread and extinction processes. Unlike experiments
in forced flow where the local velocity in front of the
flame depends both on the free-stream velocity and
the developing boundary layer, the local velocity in
front of the Hame in buoyant flow depends only on
the gravity level.

Downward-spreading flames were observed in
partial gravity in Oy/N, mixtures between 14% O,
and 21% O, at normal atmospheric pressure, dem-
onstrating peak values of flame-spread rate and in-
creased flammability at local accelerations below
normal earth gravity. Flame-spread rates 20% higher
than in normal gravity were ohserved in partial grav-
ity, and flammability increased, with the limiting ox-
ygen fraction falling from 15.6% O 5in normal gravity
to 13-14% Q, at 0.05-0.1 g

A data presentation with a radiative correction to
dimensionless downward flame-spread rates corre-
lates with Damkohler numbers in purely buoyant
Hows from 0.05 ¢ to 4.25 ¢. Comparisons with our
data support the qualitative results of theoretical
models that include finite-rate chemical kinetics and
radiative transport to desceribe the flame spread and
extinction processes. The experimental data provide
the basis for improving quantitative predictions from
the models.
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COMMENTS

Paul Ronney. University of Southern California, USA.
Your radiation parameter does not include a Planck ab-
sorption coeflicient, which indicates that you are not con-
sidering gas-phase radiation. One then infers that your ra-
diation parameter refers to surface radiation with constant
emissivity. Do you believe that the quality of your corre-
lation then suggests that surface radiation is more itnpor-
tant than gas-phase radiation?

Author’s Reply. The radiation parameter, S, indicates
the increased importance of radiation Josses to the envi-
ronment as the convecting flow velocity decreases. For the
low-speed flow conditions ohservable only in reduced grav-
ity, we have nsed S, to compensate the dimensionless flane
spread rate for these radiative losses. Without a third pa-
rameter to account for radiative loss, dimensionless spread
rates in fow-speed flows do not correlate well with Dam-
kishler number, despite the success of this approach for
higher-speed Hlows,

The form of 5, used in the correlation seems to suggest
that gas-phase radiation loss is not important in the range
of conditions tested. This S, describes loss from the fuel
surface and is proportional (for a 2D Hame) to ¢ ¥4 Be-
cause gas-phase radiation loss grows with the flame volinne,
a gas-phase Sy is proportional (for a 21> flame) to g ¥,
Consequently, while at normal gravity gas-phase loss is
much smaller than surface loss. gus-phase loss is amplified
with respect to surface loss as gravity becomes small. Nu-
merical modeling (e.g., Ref. 6 in the text) predicts that at
sufficiently low gravity, spread rates with gas-phase loss are
lower than spread rates with surface loss. We suggest that
the lowest partial-gravity level available in the aireraft tests
(Le, 0.05 gp 4 is not low enough for gas-phase loss to
dominate spread rate behavior.

[ J
S Bh(tft(l('h(lﬁrv, San Diego State University, USA. You

evaluated the flame temperature that appears in the
deRis/Delichatsios Tormula yising STANJAN, while the

ariginal solution requires the use of linearized adiabatic
stoichivmetric e temperature, The differences be-
tween these two temperatures are quitc largc, ('specially at
high oxvaen concentrations. 1f the linearized adiabatic tem-
perature was used. how would that affect your correlations?

Author’s Reply. In developing the correlation presented
in this paper, we first reproduced the correlation of flame
spreading presented in Altenkirch et al. [12] in which a
calenlated stoichiometric, adiabatic Hame temperature
with no dissociation appeared in the formulation of the
Damkshler number, Da. and dimensionless spread rate.
V7. for purely buovant flows. These temiperatures are very
high (c.g.. 2822 K at 21% oxygen mole fraction) compared
with realistic flane temperatures, but serve to represent
the release of all conceivably available energy to maintain
the flame reactions and drive the buoyant flow.

In that formmlation. V7 approaches unity as Da in-
creases, in accordance with the scaling of the measured
spread rates with the spread rate at the condition of the
maximum conceivable forward heat transfer rate, and the
data, over a wide range of atmospheric oxygen content, lie
along a smooth curve. Modifying Altenkirch’s formulation
only by allowing for dissociation in the stoichiometric, ad-
iahatic Hame temperature caleulation (e.g., 2182 K at 21%
oxygen) disrupts the smooth curve seen in Ref. 12, creating
a family of curves that differ by oxygen content. However,
when the partial-grivity data we obtained are included in
this formulation a useful property emerges: blowoff extine-
tions oceur at very similar Da for 21% oxygen mole fraction
at 4.25 times normal Farth gravity (g), 15.7% oxygen at |
g, and 15% oxygen at 0.6 g Introducing the radiation pa-
rameter. Sy, removes the oxygen-content dependence of
the dimensionless spread rate (incidentally, using 17V,
without the gas properties in S, does not succeed). The
combination of using realistic flame temperatures and cor-
recting the dimensionless spread rate for radiation losses
provides a corrclation that is independent of gravity level
and oxygen content over wide ranges of these dimensional
parameters.



